We focus on an island wake episode that occurred in the Madeira Archipelago region of the north-east Atlantic at 32.5 • N, 17 • W. The Weather Research and Forecasting numerical model was used in a (one-way) downscaling mode, considering initial and boundary conditions from the European Centre for Medium-range Weather Forecasts system. The current literature emphasizes adiabatic effects on the dynamical aspects of atmospheric wakes. Changes in mountain height and consequently its relation to the atmospheric inversion layer should explain the shift in wake regimes, from a 'strong-wake' to 'weak-wake' scenario. Nevertheless, changes in sea-surface temperature variability in the lee of an island can induce similar regime shifts because of exposure to stronger solar radiation. Increase in evaporation contributes to the enhancement of convection and thus to the uplift of the stratified atmospheric layer above the critical height, with subsequent internal gravity wave activity.
Introduction
Madeira Island is in the north-east Atlantic (32.5 • N; 17 • W). Its mountain range of volcanic origin dominates the interior orography. The mountains are oriented perpendicular to predominant north-east trade winds, with a base length (L) between 5 and 8 km. Therefore, interaction between the mountains and trade winds, along with an atmospheric inversion layer that is often below the mountain top (1,500-1,800 m), nurtures the formation of atmospheric wakes. These wakes frequently manifest themselves as von Kármán vortex streets (VKVS hereafter). In fact, images of Madeira VKVS have inspired many studies in the classical scientific literature (Chopra and Hubert 1965; Chopra 1973; Scorer 1986; Etling 1989 Etling , 1990 .
In contrast with neighbouring archipelagos (e.g., Canary Islands), the Madeira Island atmospheric wake is dominated by an interaction with one island, since neighbouring islands (Desertas and Porto Santo) lie well below the atmospheric inversion layer of 200-300 m (Fig. 1) . As discussed in Etling (1989) , the wake becomes a two-dimensional flow problem if the dividing streamline height (h c ) remains below the mountain top (H ); it becomes a three-dimensional flow problem if that height exceeds that of the mountain top. The dividing streamline height is defined as
where the Froude Number (Fr) is represented as
and where U is the (upstream) wind speed and the Brunt-Väisälä buoyancy frequency is defined as
where θ is potential temperature, g is the local acceleration due to gravity, and z is the geometric height. Smith et al. (1997) , taking into account previous work (Schär and Smith 1993; Grubisic et al. 1995) , refined the Etling (1989) concepts and re-classified wake scenarios into four main types: (i) steady wake eddies, (ii) eddy-shedding, (iii) long-straight wake, and (iv) nowake. In Smith et al. (1997) , h c became the critical height for mountain wave breaking. In brief, the new definition was based on the amount of potential vorticity generated by the perturbed (island) flow. Potential vorticity was generated only if the mountain height (H ) was greater than h c ; for slightly greater values weak wakes formed, whereas for considerably greater differences, strong potential vorticity generation permitted eddy generation and selfadvection (strong wakes). Nevertheless, since these concepts were based on shallow-water modelling and Reynolds number (Re) theory, leeward eddies could vary from stationary (Re < Re c ) to periodic shedding (Re > Re c ). The critical Reynolds number (Re c ) was determined to be approximately 50 in laboratory conditions, considering islands as cylindrical obstacles.
A specific Reynolds number has been derived for shallow-water flow conditions:
where C D = (u * /U 10 ) 2 is the drag coefficient at the lower boundary, u * is the friction velocity, and U 10 is the wind speed at 10 m above the sea surface (in our experiments
. L is a characteristic horizontal scale represented in our case by the width of the mountain chain (≈ 8 km), orthogonal to the incoming flow. Different archipelagos were used by Smith et al. (1997) to illustrate the diversity of wake regimes. Hawaii was proposed as a good representation of the steady wake case, and the Aleutians a periodic eddy-shedding example. St. Vincent was presented as a long-straight wake case, and Barbados as a no-wake scenario. Nevertheless, meteorological conditions change with time, and strong and weak wake episodes may occur at the same archipelago. Although not extensively discussed in the literature, dynamic changes in the wake regime can also be induced by diabatic forcing. Miranda et al. (1999) used a combination of microbarographs and numerical models to study daily pressure oscillations on the northern and southern coasts of Madeira Island. These variations were attributed to gravity-wave drag effects. Diabatic effects from coupling between tropospheric greenhouse gases and the surface were briefly discussed as an alternative, but unsubstantiated because of a lack of observational evidence. Prior to that, Miranda and Valente (1997) studied critical resonance in flows passing isolated Gaussian mountains, using a three-dimensional linearized model. They associated strong internal atmospheric wave breaking with critical-level dynamics.
Most recently, in a review of air-sea interaction over ocean fronts and eddies, Small et al. (2008) suggested that the ocean forces the atmosphere. Differences in sea-surface temperature (SST) induce variations in humidity, which in turn change the near-surface stability and surface stress as well as latent and sensible heat fluxes (Sweet et al. 1981; Businger and Shaw 1984; Hayes et al. 1989) . A stability change modifies profiles within the oceanic surface layer, with consequent responses of vertical gradients in wind velocity, potential temperature and relative humidity (Small et al. 2008 ). This SST feedback mechanism can alter momentum transfer and, consequently, the atmospheric boundary-layer height. Nevertheless, most studies have emphasized the atmospheric response to SST over small-scale horizontal gradients, e.g., eddies and fronts.
To study variations in the wake regime in the Madeira Region, we first used a numerical model to replicate a realistic episode from 5 July 2002 (control experiment). A second study focused on changes to mountain maximum height and consequent inversion layer height in relation to the mountain top (i.e., critical height). This represents a change in the overall flow regime, and allows the depiction of strong and weak wake scenarios proposed by Etling (1989) and Smith et al. (1997) . To introduce thermodynamic variability, we concentrated on wake response to SST changes. Evidence for the occurrence of atmospheric internal gravity waves was obtained by the analysis of Landsat images. The discussion focuses on the feedback effect of SST during wake formation.
Numerical Model Configuration
In the present study, the Advanced Research Weather and Forecasting Model (AR-WRF) version 3.2 (Skamarock and Klemp 2008) was set up using three one-way nested domains (see Fig. 2 ). All domains were centred on the Madeira latitude, using a Lambert projection (32.5 • N; 16.5 • W). The model top was at 50 hPa and there were 68 vertical sigma-levels. All grids used the unified Noah land-surface model (Chen and Dudhia 2001) ; the Rapid Radiative Transfer Model scheme for Global Circulation Models (RRTM-GCMs) was used for longwave and shortwave radiation (Mlawer 1997) ; the WRF Single-Moment six-class scheme with graupel (WSM6) was used for cloud physics (Hong and Lim 2006) . The MellorYamada-Janjic turbulent kinetic energy (TKE) closure scheme was used for boundary-layer physics (Janjic 1990 (Janjic , 1996 (Janjic , 2002 , and the Betts-Miller-Janjic scheme for cumulus (Janjic 1994 (Janjic , 2000 was used on the 54-km and 18-km model grids. Initial and time-dependent boundary conditions were derived from the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis products, ERA-Interim (Dee 2011) . Reanalysis products were generated at 6-h intervals, with 0.5 • horizontal resolution and 22 vertical pressure levels (previously interpolated at the Meteorological Archival and Retrieval System (MARS), the ECMWF data server). The three model domains are portrayed in Fig. 2 . The WRF model was integrated for 10 days, with hourly outputs (1-10 July 2002).
Five numerical experiments were conducted: (i) the control experiment used the ERAInterim reanalysis products and a sigma-interpolated version of island orography based on the original Noah land-surface model data. Changes in island orography were obtained by multiplying the Noah dataset by a constant factor; (ii) in the high-mountain experiment, orographic data values were multiplied by 1.5 to increase mountain height; (iii) in the lowmountain experiment, those data were multiplied by 0.5 to lower the mountains below the inversion layer. To study thermodynamic impacts on wake formation, the Noah representation of Madeira orography interpolated to sigma layers was maintained (identical to the control experiment), but the SST field was modified in WRF; (iv) for the warm case study, +5 K was added to the calculated SST fields; whereas (v) for the cold case study, −5 K was subtracted from the WRF SST fields. The objective of the latter exercise was to study the impact of SST changes on the wake scenarios. Although the SST fields were allowed to evolve in time with model forward integration, all temperature values increased or decreased by ±5 K throughout the domain, relative to the control experiment. 
Results and Discussion

Parameter Space
All parameters in Eq. 5 have been previously defined. As noted in Table 1 , the nondimensional mountain height (M) is simply the ratio of the height of the mountain (H ) to that of the fluid boundary layer h c .
Upon plotting the M and Re parameters from our experiments on the Smith et al. (1997) wake-regime diagram, the control and high-mountain case studies (M = 2; Re = 53) suggested an eddy shedding scenario as indeed shown in Fig. 3 . The cold experiment with M = 3 and Re = 26 suggests a transitional case between steady and eddy-shedding scenarios. The numerical experiments suggest an eddy-shedding regime for the cold experiment (Fig. 3) . Parameters calculated in the low-mountain and warm experiments (M = 1; Re = 53 and Re = 78, respectively) suggest the occurrence of a long-straight wake, as in the model simulations shown in Fig. 3 . As proposed by Smith et al. (1997) , if the mountain top is lower than the critical height (h c ), no potential vorticity will be created and no wake will form. For H slightly > h c , a small amount of potential vorticity will be generated, which will be carried downstream. Smith et al. (1997) referred to this pattern as a 'weak-wake,' since the potential vorticity is too weak to advect itself and so form closed eddies. For H considerably > h c , strong potential vorticity generation and self-advection of vorticity into eddies occurs. Depending on the shallow-water Reynolds number, these eddies will either be stationary in the lee or shed periodically and drift downstream.
Considering the original wake regime diagram from Schär and Smith (1993) , which compares the upstream Froude number (Fr) with the non-dimensional mountain height (M), predicted scenarios are also coherent. Wake formation with vortices are expected in the control, high and cold experiments, whereas regime parameters for the low and warm cases suggest the generation of a wake with reversed flow but no shedding of vortices. Furthermore, given the wake-regime diagram recently proposed by Lin (2007) , which relates the inverse In a recent (unpublished) report analysing the 5 July 2002 Madeira wake episode and using the same satellite image (Fig. 1) , Terpstra followed the Young and Zawislak (2005) method to calculate vortex shedding frequencies from satellite images, considering f as
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where a is the distance between vortex cores estimated directly from the image, and U e is the vortex translation speed defined by Li et al. (2002) as the relation between the incoming flow speed (U ) and U e :
where h is the cross-street distance, i.e., from the vortex core to the VKVS centreline (also obtained from the satellite images). Given realistic Madeira mountain heights (≈1,200-1,800 m), h varied from 55 to 56 km and a from 98 to 134 km. Thus, the calculated translation speed (U e ) was 4.2-4.6 m s −1 and the calculated shedding frequency 6-9 h.
Momentum Mediated Wake
Results presented in Fig. 3 show intensification of surface vorticity (strong wake) in the control, cold and high-mountain experiments. Weak-wake conditions have been studied in the lee of St. Vincent and other Windward Islands of the south-east Caribbean (Smith et al. 1997) . The noteworthy aspect of weak wakes is a straight appearance (Fig. 3) . Similarly, in the low-mountain experiment the wake extends further leeward, showing no eddy shedding. Smith et al. (1997) also suggest leeward acceleration of the flow in weak-wake scenarios, caused by the ambient pressure gradient rather than by lateral entrainment of the geostrophic flow, as occurs in strong-wake cases.
Diabatic Convective Mixing
Weak wakes also develop under high SST conditions. Figure 4 shows vertical profiles of specific humidity and potential temperature in upstream and downstream regions of Madeira Island (respectively U and D in Fig. 2 ), comparing the control and warm experiments. The control case shows a shallower boundary layer, in contrast with the warm case. In both cases, the centre downstream profile (Db) is strongly mixed compared with its upstream counterpart (Ub). This intense vertical mixing in the lee is concurrent with the presence of a hydraulic jump, as a result of partially blocked flow. As seen in Fig. 5 , the downstream stratified layer of the control and cold experiments is less (vertically) perturbed than in the warm case. Relative humidity was used as a proxy for convective mixing. Diabatic convective activity is much greater in the warm case, contributing to the erosion of atmospheric lower layer stratification. The leeward cross-sections also reveal that vertical perturbations of the first layer are discontinuous, implying some wave-like activity over the surrounding oceanic region. As predicted by the Smith et al. (1997) regime diagram, V-shaped and leeward waves form in the weakwake cases, such as those described for St. Vincent Island. The Lin (2007) regime diagram also predicts the formation of lee waves, using the warm-case non-dimensional parameters.
A good estimate of atmospheric stability is given by the bulk Richardson number (Ri b ). This is derived from mean standard meteorological observations of water surface temperature, wind speed, air temperature and humidity, and can be defined as
where 0 is the average absolute potential temperature over the full boundary-layer depth, δ is the boundary-layer thickness (≡ h c in the current study), m is the potential temperature at the boundary-layer top, s is the potential temperature at the surface, and U δ is the wind velocity magnitude at the boundary-layer top. Stability is achieved for a theoretical critical Ri b on the order of 0.2-0.25, in agreement with a wide variety of measurements (according to Grachev and Fairall 1996) . Nevertheless, there is no consensus on exact values of the critical Ri b . For example, Sørensen et al. (1996) used a value between 0.14 and 0.24, Mahrt (1981) took the critical interval from 0.5 to 1.0, and Fay et al. (1997) obtained a critical value of 0.38 in calculations from a German numerical weather prediction model. In fact, it is empirically shown that the critical Ri b does not have a fixed value that is universally applicable to all atmospheric conditions, convective or stable boundary layer, and/or homogeneous and non-homogeneous surfaces. Evidently, the critical Ri b also depends on surface roughness (Zilitinkevich and Baklanov 2002) . Gryning and Batchvarova (2003) found that values between 0.03 and 0.05 perform best over sea; moreover, for the marine boundary layer, the critical Ri b is generally smaller than that over land (see also discussion by Jeričević and Grisogon 2006). Notwithstanding the ongoing debate, Table 1 shows values for all cases calculated with model data extracted from point WP (location in Fig. 2 ). Depending on which critical Ri b values are selected, the strongest atmospheric stability was achieved for control, high-and low-mountain cases; the warm and cold cases produced the least stable conditions. In the warm case, convective mixing induced weaker stability, whereas in the cold case, a thin boundary layer (312 m) associated with a certain lapse rate (∂θ /∂z = −0.0003 K m −1 ) might explain the unstable regime.
Resonant Waves
Comparing cross-sections of potential temperature (Fig. 5 ) in a north-south transect over the island (transect I in Fig. 2 ) and in a transect over the ocean (transect II in Fig. 2 ), three types of flows are distinguishable: (i) a strong wake scenario (control and high-mountain case), showing two-dimensional, strongly stratified flow, blocked by the island; (ii) a weak-wake scenario (low-mountain) with three-dimensional (over-the-mountain) flow but no lee jump; (iii) in the warm experiment, a hydraulic jump in the lee, including amplification of resonant waves over the ocean (Fig. 5) . Resonant waves in the warm experiment have wavelengths 18-20 km (0.5-0.8 • of latitude), with periods ≈ 2.5 h. Superimposed on these high-frequency oscillations are waves with daily and weekly periodicities in all cases.
It is important to note that studies with high model grid resolution showed resonant wave activities that were more sensitive to vertical than horizontal grid resolution. WRF configurations with 2-km horizontal grid resolution and 30 sigma layers did not resolve wave formation within the boundary layer, owing to inadequate vertical resolution. Notwithstanding, we believe that wave activities springing from our current configurations are not induced by spurious numerical instabilities. This is because these activities were not spatially and/or temporally homogeneous, and their wavelengths were more than twice the horizontal grid resolution (6 km). Given the size of the high-resolution model domain and available computational resources, it was too expensive to run at horizontal resolutions 2 km or higher, with 60 or more sigma levels.
Animations of volume-integrated relative humidity in the first 30 sigma layers (within the supplemental material) reveal persistent resonant wave activity in the warm case, as compared with the spurious activities in the control and cold cases. The low-mountain case (not shown) did not show persistent, high-frequency wave oscillations.
As a working hypothesis for further investigation, we propose that near-field energy damping by convective mixing is more rapid in the warm experiment than in the others, since energy transfer between the two systems (potential and kinetic) occurs at very different frequencies than the wake-induced frequencies. These frequency differences might represent the cause for generation of the resonant waves in the warm case. The hydraulic jump in the lee might also contribute to the production of resonant waves. Hara et al. (2009) conducted an experiment in a thermally stratified wind tunnel. They showed that turbulence statistics of the thermal internal boundary layer (TIBL) changed significantly with the temperature profile over the sea, indicating that stability of the flow there significantly affects TIBL structure and turbulence characteristics. Vertical momentum transport was enhanced by convection. Waves appeared in the boundary layer as a result of thermal plumes impinging on the inversion layer. Earlier, several studies also suggested a link between the thermal generation of convective Looking for further evidence of internal gravity (resonant) wave activity in the Madeira Archipelago, several examples were identified using the Landsat data archive (Table 2 ). Figure 6 is a Landsat image from 4 July 1999 showing internal gravity wave activity over the ocean, leeward of the Madeira Islands. Comparing potential temperature profiles from a (Fig. 7) . Average incoming trade winds for the 1999 case were also weaker (≈ 4.5 m s −1 , ECMWF ERA-interim reanalysis dataset) than in the 2002 strong episode. Thus, given that strong-and weak-wake episodes have been observed in the Madeira region, can the transition from a strong-to weak-wake regime be mediated by an oceanic feedback mechanism?
Conclusions and Future Research
We do not claim to have identified all wake scenarios and/or all aspects of the dynamics of Madeira atmospheric wakes. Nevertheless, considering the 'static' discussion in the scientific literature suggesting a wake type for a specific island, our results show it is important to emphasize that island wakes are dynamic atmospheric structures that might have an important feedback influence from the sea surface. With an increase of SST, local evaporation rates enhance convective mixing in the lower boundary layer overlying the ocean, invigorating mixing. Vertical mixing in turn contributes to the erosion of the stratified first layer, allowing incoming flow to ascend the mountain. Therefore, an increase in SST alone can change the regime from vortex-shedding to a long, straight wake. Initial periods of increasing SST are expected to be very energetic, manifested by internal gravity wave generation. Future studies should combine airborne, satellite and numerical model results to investigate the spatiotemporal evolution of Madeira atmospheric wakes. To further examine this ocean feedback mechanism, a two-way, coupled atmosphere-ocean modelling system should be used. The study of island wake dynamics can provide important insights into air-sea interaction mechanisms at local scales, and can also contribute to the general improvement of forecasting marine and coastal weather by advancing the understanding of boundary-layer processes.
